Aims: This study aimed to evaluate the cardioprotective effects of ω-3 polyunsaturated fatty acids (PUFAs) postconditioning against ischemia-reperfusion (I/R) injury. Methods: Sixty Sprague-Dawley rats were randomly divided into 4 groups (n = 15 for each) and used to generate the Langendorff isolated perfused rat heart model. The sham group received a continuous perfusion of 150 min. The remaining three I/R-treated groups sequentially received a 30-min perfusion, a 30-min cardioplegia, and a 90-min reperfusion. The I/R-ischemic preconditioning (IP) group additionally received three cycles of 20-s reperfusion and 20-s coronary reocclusion preceded the 90 min of reperfusion. The I/R-ω group were perfused with ω-3 PUFAs for 15 min before the 90 min of reperfusion. The myocardial infarct size, the degree of mitochondrial damage, the antioxidant capacity of the myocardium, and the cardiac functions during reperfusion were compared among groups. Results: Compared with the I/R group, the I/R-ω group had significantly reduced myocardial infarct size, reduced levels of lactate dehydrogenase and malondialdehyde, elevated superoxide dismutase level, and elevated rising (+dp/dt max ) and descending (-dp/dt max ) rate of left ventricular pressure. The I/R-ω group had a significantly lower rate of mitochondrial damage in myocardial tissue compared with the I/R and I/R-IP groups. Conclusion: ω-3 PUFA postconditioning possesses good cardioprotective effects and may be developed into a therapeutic strategy for myocardial I/R injury.
Introduction
Ischemia-reperfusion (I/R) injury refers to the tissue damage caused by restoration of blood supply to the tissue after a period of ischemia [1] . Intraoperative myocardial I/R injury is a common and unpreventable problem occurring in several cardiac interventions, such as cardiac surgery with extracorporeal circulation, intracoronary thrombolysis, and percutaneous transluminal coronary angioplasty, and has attracted more and more attention of cardiac physicians. Significant efforts have been made to develop the methods for protecting myocardium from I/R injury. In 1986, Murry et al. [2] introduced the concept of ischemic preconditioning (IP) by demonstrating that multiple brief ischemic episodes have a protective effect on the canine heart against subsequent prolonged myocardial I/R injury. A large number of studies have confirmed that myocardial IP can effectively protect myocardium from I/R injury [3, 4] . However, myocardial IP needs to be conducted before the onset of ischemia, which greatly limits its clinical application.
In 2003, Zhao et al. [5] found that after myocardial ischemia, multiple short cycles of ischemia before the onset of reperfusion (e.g., ischemic postconditioning) can also protect the myocardium from subsequent myocardial I/R injury. In addition, the protective effect of ischemic postconditioning is comparable with that of IP. On the other hand, accumulating evidence has shown that drug treatments for ischemic myocardium at the onset of reperfusion (e.g., pharmacological postconditioning) are capable of providing a similar protective effect with ischemic postconditioning [6] [7] [8] [9] . Pharmacological postconditioning represents an ideal alternative for ischemic postconditioning since its clinical operation is simpler than ischemic postconditioning. Therefore, it is clinically significant to identify a safe, effective, and easy-to-use postconditioning drug.
ω-3 polyunsaturated fatty acids (PUFAs) including α-linolenic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are mainly found in marine plants and animals [10] , possessing immunomodulatory, anti-inflammatory, antiarrhythmic, and antithrombotic properties [11] . In recent years, the protective capacity of ω-3 PUFAs against cardiovascular disease has been extensively reported in plenty of animal studies [12, 13] and clinical trials [14] , namely that ω-3 PUFAs can effectively reduce the incidence of cardiovascular disease and mortality [15] . It has been demonstrated that ω-3 fatty acid supplementation can modulate the cardiac ion channels involved in cardiac action potentials on the cardiomyocytes, and reduce the ω-6/ω-3 fatty acid ratio in the cardiomyocytes membrane phospholipid bilayer to exhibit antiarrhythmic properties and attenuate myocardial I/R injury [16] . In addition, ω-3 PUFAs combined with flax lignan concentrate treatments significantly reduce cardiomyocyte apoptosis and cellular oxidative stress against myocardial hypertrophy in rats [17] . Moreover, McGuinness et al. [18] have shown that ω-3 PUFA preconditioning can effectively reduce infarct size by upregulating the protein level of myocardial heat shock protein 72 (HSP72), a key preconditioning protein, and increase the myocardial membrane ω-3 fatty acid content in a New Zealand white rabbit model of regional cardiac I/R injury. Taken together, the aforementioned findings indicate that ω-3 PUFAs possess good cardioprotective effect against I/R injury.
Although the cardioprotective effects of ω-3 PUFA preconditioning have been demonstrated, the effect of ω-3 PUFA postconditioning remains to be evaluated. We hypothesized that ω-3 PUFAs may have the potential to be a safe and effective postconditioning agent for the prevention and treatment of clinical myocardial I/R injury. Therefore, the aim of this study was to evaluate the protective effect of ω-3 PUFA postconditioning on myocardium against I/R injury using an isolated perfused rat heart model of I/R.
Materials and Methods

Animals
A total of 60 SPF-class male Sprague-Dawley rats weighing 200-300 g were obtained from the Laboratory Animal Center, Guangzhou University of Traditional Chinese Medicine, Guangdong, China (license No. SCXK (Yue) 2008-0020). The rats were randomly divided into four groups: sham, I/R, I/R-IP, and I/R-ω groups (n = 15 for each group). The protocol of this study was approved by the Institutional Animal Care and Use Committee (IACUC). All experiments were performed in accordance with the guidelines and regulations of the IACUC.
Generating the Langendorff Isolated Perfused Rat Heart Model
To generate the Langendorff isolated perfused rat heart model, the rats were intraperitoneally injected with 1,000 U/kg heparin for anticoagulation. After 30 min, the rats were anesthetized with 50 mg/kg pentobarbital sodium, and fixed on an animal operating table. The hearts were quickly extirpated and cannulated via the aorta using a Langendorff isolated perfused heart system (LGF-HL538; Chengdu Instrument Factory, China) and perfused with standard Krebs-Henseleit buffer (KH buffer: NaCl 118 mmol/L, KCl 3.2 mmol/L, KH 2 PO 4 1.2 mmol/L, NaHCO 3 25 mmol/L, CACl 2 2.5 mmol/L, glucose 5.5 mmol/L, MgSO 4 1.6 mmol/L) under a constant flow with a rate of 5 mL/min and a perfusion pressure of 100 cm H 2 O. The KH buffer was oxygenated for more than 1 h with carbogen (95% O 2 and 5% CO 2 ) and kept at 37.0 ° C and pH 7.4 during perfusion.
The sham group received a continuous perfusion of 150 min. The three I/R-treated groups sequentially received a 30-min perfusion, a 30-min cardioplegia by perfusion with 10 mL St Thomas' II cardioplegic solution (4 ° C, NaCl 147 mmol/L, NaHCO 3 10 mmol/L, KCl 20 mmol/L, MgCl 2 16 mmol/L, CaCl 2 2 mmol/L, pH 7.8) at 20 ° C, and a 90-min reperfusion. The I/R-IP group additionally received three cycles of 20-s reperfusion and 20-s coronary reocclusion preceded by the 90 min of reperfusion, whereas the I/R-ω group were perfused with ω-3 PUFAs (0.025% ω-3 fish oil fat emulsion; Huarui Pharmaceutical Co., China) for 15 min before the 90 min of reperfusion. After the 90 min of reperfusion, the isolated perfused rat heart was placed in the ice-cold KH buffer for further use. The ω-3 fish oil fat emulsion consists of EPA (12.50-28.20%), DHA (14.40-30.90%), bean curd acid (1.00-6.00%), palmitic acid (2.50-10.00%), palmitoleic acid (3.00-9.00%), stearic acid (0.50-2.00%), oleic acid (6.00-13.00%), linoleic acid (1.00-7.00%), linolenic acid (< 2.00%), octadecatetraenoic acid (0.50-4.00%), eicosanoic acid (0.50-3.00%), arachidonic acid (1.00-1.00%), dodecanoic acid (< 1.50%), herring oleic acid (1.50-4.50%), and vitamin E (0.15-0.30%).
Determining the Levels of Markers of Oxidative Stress and Cardiomyocyte Oxidative Injury
Left ventricular free wall myocardial tissue (100 mg) was taken from the isolated rat heart (n = 5 for each group), and then cut and mixed with 9 times (w/v) volume of ice-cold saline for ultrasonic homogenization (Dy89 I glass homogenizer; Ningbo Xinzhi Biotechnology Co., China). The myocardial tissue homogenate sample was then centrifuged at 1,000 g at 4 ° C for 15 min. The supernatant was placed in liquid nitrogen and then kept at -80 ° C for further use. The levels of superoxide dismutase (SOD), malondialdehyde (MDA), and lactate dehydrogenase (LDH) were determined using the SOD assay kit (Cat. No. A001-1-1), MDA assay kit (Cat. No. A003-1), and LDH assay kit (Cat. No. A020-1; all three kits from NanJing JianCheng Bioengineering Institute, China) according to the manufacturer's protocols, respectively.
Transmission Electron Microscopy
A small tissue block of apical myocardium was taken (n = 5 for each group). The myocardial tissue block was immersed in 2.5% glutaraldehyde and quickly cut into small tissue blocks with a volume of about 1.0 mm 3 , and then fixed with 2.5% glutaraldehyde. The above procedure should be operated at 4 ° C and completed within 1 min to minimize the cardiomyocyte injury. The fixed tissue block was immersed in 1% osmium acid for 2 h, and gradually dehydrated by ethanol and propanol, and embedded in resin. The resin-embedded specimen was cut into ultra-thin slices, and double stained with uranyl acetate and lead citrate. The mitochondrial ultrastructure in the cardiomyocytes was observed by a Philips CM10 transmission electron microscope (Philips Electronics, USA) at 11,500 times magnification.
Determining the Myocardial Infarct Size
The myocardium was cut into 1.0-mm-thick slices from the apex to the bottom of the heart, and stained with triphenyltetrazolium chloride solution at 37 ° C for 30 min. After washing with PBS buffer, the samples were observed by a Nikon eclipse e400 phase contrast microscope (Nikon, Japan). The survival myocardium was stained brick red, and the infarct area was not stained (gray color). The percentage of myocardial infarct area was calculated using Image J 1.37 software (NIH, USA).
Cardiac Function Assessment
Cardiac function assessment was conducted on the isolated perfused rat heart during perfusion and reperfusion. Briefly, a small incision was made at the left atrium, and the pressure measuring sensor was inserted into the left ventricle via the left atrium and mitral valve opening. The sensor was connected to a biomedical signal acquisition and processing system (PCLAB-UE; Beijing Microsignalstar, China) to continuously monitor the hemodynamic parameters. The heart rate, left ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), left ventricular developed pressure (LVDP), and rising (+dp/ dt max ) and descending (-dp/dt max ) rate of left ventricular pressure were measured at the end of the 30-min perfusion and at 30, 60, and 90 min after the onset of reperfusion, respectively.
Statistical Analysis
All data are expressed as mean ± standard deviation. The primary endpoints of the study were myocardial infarct size, the rate of mitochondrial damage, the antioxidant capacity of the myocardium, and the cardiac functions during reperfusion. A one-way analysis of variance was used to compare among groups. When significance was observed, the post hoc Student-Newman-Keuls) method was used for comparison between two groups. A value of p < 0.05 was considered statistically significant. All statistical analysis was performed with SPSS version 13.0 for Windows (Chicago, IL, USA).
Results
ω-3 PUFA Postconditioning Reduced Myocardial Infarct Size
To evaluate the protective effect of ω-3 PUFA postconditioning, the myocardial infarct size was compared among the four groups (Fig. 1) . The result showed that the myocardial infarction ratio was significantly elevated in the three I/R groups compared with the sham group (all p < 0.05). Compared with the I/R group, both the I/R-IP and I/R-ω groups had a significantly lower myocardial infarction ratio (both p < 0.01). However, there was no significant difference between the I/R-IP and I/R-ω groups (p > 0.05).
Morphology of Myocardial Mitochondria
Since the mitochondrion is a critical organelle involved in I/R injury, the morphology of myocardial mitochondria was evaluated by electron microscopy (EM). As shown in Figure 2a , the myocardial mitochondria in the sham group had normal volume, intact membrane, regular cristae, and normal density of the matrix. Meanwhile, there was no swelling and disruption in the muscle fibers. In the I/R group, severe swellings and deformations could be observed in the myocardial mitochondria. The number of cristae markedly reduced, and many of them were disrupted or vacuous. The electron density was reduced in the mitochondrial matrix, while some mitochondria had condensed matrix, reduced volume, and dense electron density. The muscle fibers were disrupted and dissolved. The injuries in the mitochondria had been reduced in the I/R-IP group, but there remained swellings, deformations, vacuoles, and disrupted cristae in some mitochondria. As for I/R-ω group, the injuries were further reduced, and the majority of the mitochondria had normal morphology. Only a few mitochondria had slight swellings and a decreased number of cristae. Nevertheless, no significant disruption and dissolved could be observed. The quantitative analysis of EM images showed that the rates of mitochondrial damage were significantly elevated in the I/R and I/R-IP groups compared with the sham group (both p < 0.05; Fig. 2b ). The I/R-ω group had a significantly lower rate of mitochondrial damage compared with the I/R and I/R-IP groups (both p < 0.05; Fig. 2b ).
ω-3 PUFA Postconditioning Improved the Markers of Oxidative Stress and Cardiomyocyte Oxidative Injury
The markers of oxidative stress and cardiomyocyte oxidative injury were assessed and compared among groups. As shown in Table 1 , all 3 I/R groups had significantly higher levels of LDH (a cardiomyocyte oxidative injury marker) and MDA (a lipid peroxidation marker) as well as a significantly lower level SOD (a natural antioxidant enzyme) compared with the sham group (all p < 0.05). Compared with the I/R group, the levels of the three markers were improved in the I/R-IP and I/R-ω groups (all p < 0.05 except for SOD in I/R-IP). Furthermore, the I/R-ω group had significantly lower levels of LDH and MDA and a higher SOD level compared with the I/R-IP group. These results suggested that ω-3 PUFA postconditioning treatment was capable of providing a better protective effect on cardiomyocyte against I/Rinduced oxidative stress compared with the conventional ischemic postconditioning.
Cardiac Function Assessment
To determine whether ω-3 PUFA postconditioning has an effect on cardiac function, hemodynamic parameters were evaluated and compared among groups. As shown in Table 2 , after the 30-min stabilization period (baseline), there was no statistical significance in all the hemodynamic parameters among the four groups, suggesting that the generated model had a good consistency. However, all the hemodynamic parameters were reduced in the three I/R groups after the onset of reperfusion at three time points compared with the sham group, indicating I/R caused different degrees of damage to cardiac function. Compared with the I/R group, the I/R-ω group had a significantly higher +dp/dt max (p < 0.01) and -dp/dt max (p < 0.05). The +dp/ dt max and -dp/dt max were also higher in the I/R-IP group than in the I/R group, but the differences did not reach significance (p > 0.05). There was no significant difference in LVSP, LVEDP, LVDP, and heart rate between the two postconditioning groups and the I/R group.
Discussion
In this study, we evaluated the cardioprotective effects of ω-3 PUFA postconditioning against myocardial I/R injury in an isolated perfused rat heart model. The results showed that ω-3 PUFA postconditioning significantly reduced I/R-induced myocardial infarct and LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase; I/R, ischemiareperfusion; I/R-IP, I/R-ischemic preconditioning; I/R-ω, perfused with ω-3 PUFAs for 15 min before the 90 min of reperfusion. a p < 0.05 compared with the sham group; b p < 0.05 compared with the I/R group; c p < 0.05 compared with the I/R-IP group.
protected myocardial mitochondria from I/R-induced swellings, ruptures, vacuoles, and cristae disruption. In addition, ω-3 PUFA postconditioning significantly reduced the levels of LDH and MDA and elevated the SOD level. Hemodynamic data showed that ω-3 PUFA postconditioning significantly elevated +dp/dt max and -dp/dt max . These results suggested that ω-3 PUFA postconditioning treatment was capable of providing good cardioprotective effects against I/R injury. To the best of our knowledge, this is the first study reporting the cardioprotective effects of ω-3 PUFA postconditioning.
Free radical damage plays an important role in the pathogenesis mechanism of I/R injury. During ischemia, anaerobic metabolism in cardiomyocytes results in rapid consumption of creatine phosphate and ATP, and accumulation of lactic acid, hypoxanthine, and xanthine oxidase [19] . During reperfusion, the reactivation of aerobic metabolism induces an accumulation of oxygen-derived free radicals (OFR), which markedly elevate oxidative stress in cardiomyocytes [20, 21] . In this study, ω-3 PUFA postconditioning significantly reduced the levels of MDA (a lipid peroxidation marker) and LDH (a cardiomyocyte oxidative injury marker), as well as increased the level of SOD (a natural antioxidant enzyme) in the myocardium compared with those in untreated I/R animals. Since ω-3 PUFAs are naturally occurring antioxidants, these results suggested that the cardioprotective effects of ω-3 PUFA postconditioning may be associated with the elimination of OFR and relief of oxidative stress, which subsequently attenuate the consumption of SOD, lipid peroxidation, and cardiomyocyte oxidative injury. The detailed molecular mechanism remains to be further investigated. We found that ω-3 PUFA preconditioning treatment can simultaneously reduce infarct size and mitochondrial damage, associated with a significant elevation of SOD level. Likewise, McGuinness et al. [18] have demonstrated that ω-3 PUFA preconditioning significantly elevated the expression of HSP72 in cardiomyocytes and reduced the myocardial infarction size in a New Zealand white rabbit model. Suzuki et al. [22] have reported that overexpression of HSP72 in cardiomyocytes enhances both the level and activity of manganese SOD during myocardial I/R injury, associated with mitochondrial protection in rat. Thereby it is worthy to investigate whether HSP72 participates in the cardioprotective effects of ω-3 PUFA preconditioning.
In addition to the production of a large number of OFR, I/R injury also induces calcium overload in cardiomyocytes. Both OFR and calcium overload contribute to mitochondrial permeability transition pore (MPTP) opening [23] . MPTP opening in early myocardial reperfusion is a critical determinant of I/R injury [24] , and is closely associated with I/R-induced mitochondrial damage [23] . I/R-induced MPTP opening can lead to mitochondrial matrix swelling due to an elevation of osmotic pressure, energy depletion due to loss of the mitochondrial transmembrane potential, damage of mitochondrial outer membrane, and cytochrome C release, eventually leading to apoptotic cell death [23] . In this study, ω-3 PUFA postconditioning can markedly attenuate the conditions of swellings, vacuoles, and disrupted cristae in myocardial mitochondria, suggesting that maintenance of the mitochondrial function in cardiomyocytes is implicated in the cardioprotective effects of ω-3 PUFA postconditioning. Recently, Mączewski et al. [25] reported that DHA supplementation prevented calcium overload in rat cardiomyocytes. Meanwhile, Madingou et al. [26] demonstrated that DHA supplementation conferred resistance to MPTP opening in a murine model of myocardial infarction. Therefore, the mechanism by which ω-3 PUFA postconditioning protects mitochondrial function may be due to the reduction of OFR and calcium overload to inhibit MPTP opening. Further study is necessary to elucidate its mechanism.
It has been demonstrated that administration of triglycerides during reperfusion significantly improves myocardial contractility in a canine I/R injury model [27] , suggesting that lipid treatment can improve cardiac function. Our hemodynamic data showed that compared with the sham group, the three I/R-treated groups had reductions of all hemodynamic parameters, demonstrating that I/R injury induced damage to cardiac function. Compared with the I/R group, ω-3 PUFA postconditioning significantly elevated +dp/dt max and -dp/dt max during reperfusion, suggesting that ω-3 PUFA postconditioning can improve cardiac function. Meanwhile, LVEDP, LVDP, and LVSP were also elevated, but the difference did not reach significance. Our observation that ω-3 PUFA postconditioning can effectively maintain the morphology of myocardial mitochondria may indicate that ω-3 PUFA postconditioning ensured myocardial oxygen supply by maintaining mitochondrial function to improve myocardial contractility.
The cardioprotective effects of ischemic postconditioning have been validated in many studies [28] [29] [30] . However, our observations of mitochondrial morphology, oxidative stress markers, and hemodynamic parameters consistently suggested that the cardioprotective effects seem better in ω-3 PUFA postconditioning than in ischemic postconditioning. One possible explanation for this phenomenon may be that the ischemic time of 30 min in this study may not be long enough to induce a large myocardial ischemic infarction size, and therefore the therapeutic efficacy of ischemic postconditioning was not as good as that of ω-3 PUFA postconditioning.
There are still some limitations in the current study. First, the cardioprotective effects of ω-3 PUFA postconditioning were observed in an isolated perfused rat heart model, which need to be further validated by intravenous administration of PUFAs to a live animal. Because this is a pilot exploratory study, the dose of ω-3 PUFAs used in the isolated heart model was originally designed based on the intravenous dose of ω-3 PUFAs for a human adult (about 0.1-0.2 g/kg body weight). Therefore, this intravenous dose of ω-3 PUFAs could be considered in other in vivo animal models or clinical trials in humans. In addition, we only demonstrated the cardioprotective effects of ω-3 PUFA postconditioning but the detailed molecular mechanisms were not further investigated. For example, the molecular mechanisms by which PUFAs protect against mitochondrial damage and oxidative injury should be further elucidated. Furthermore, the conditions for ω-3 PUFA postconditioning, such as the amount of ω-3 PUFAs and the time and number of cycles of I/R, may still have room for improvement since several hemodynamic parameters did not significantly elevate upon ω-3 PUFA postconditioning. All these limitations should be addressed in a future study.
Conclusion
In summary, our results suggest that ω-3 PUFA postconditioning can significantly reduce infarct size, attenuate myocardial mitochondrial damage, and improve antioxidant capacity and cardiac function during reperfusion, eventually protecting the myocardium against myocardial I/R injury, and may be developed into a therapeutic strategy for myocardial I/R injury.
